INTRODUCTION
The entire cryosphere, seasonal snow cover, sea ice, glaciers and permafrost collectively cover 70 Â 10 6 km 2 or 14% of the Earth's surface. The total ice volume of the cryosphere is estimated at 33 Â 10 6 km 3 (Ohmura, 2004) . All these cryosphere components have shown significant changes during the 20th century. The objective of this paper is to present the results of a mass-balance analysis of mountain glaciers and ice caps of the world. The total area and ice volume of glaciers are about 15.9 Â 10 6 km 2 and 33.1 Â 10 6 km 3 , respectively. The surface areas and volumes of the cryosphere and its individual components have been recently reevaluated. The history of the evaluations, their accuracy and the present estimations are detailed by Ohmura (2004) .
The total area and volume of mountain glaciers and ice caps outside Greenland and Antarctica are 512 Â 10 3 km 2 and 56 Â 10 3 km 3 , respectively (Ohmura, 2004) . Glaciers in this category occupy only 3.2% of the glacier surface and 0.17% of total glacier ice volumes. The total water equivalent of the ice locked in these glaciers corresponds to 15 cm in sea level (Ohmura, 2004) .
The mass balance of mountain glaciers has often been compiled and evaluated for specific regions (Létreguilly, 1984; Oerlemans, 2001) . Meier (1984) calculated the mass balance of the glaciers in this category globally for the period 1900-61 and discovered that in the decadal to century scale these glaciers play an important role in a global hydrological cycle at least comparable to the Greenland ice sheet. He combined the mass-balance observations and meteorological estimations of mass balance. This approach was sound, as many regions did not have mass-balance observations, and existing records were short. Later, Meier (1997, 2005) , Braithwaite (2002) , Dyurgerov and others (2002) and Ohmura (2004) developed mass-balance investigations based on a global-scale database.
It remains to be clarified how annual mass-balance change is caused. The important question is how winter and summer mass balances determined the total annual mass balance during the 20th century. The present paper attempts to evaluate the global mass balance of the mountain glaciers and ice caps based solely on the observed mass balances, without using meteorological estimations. For this purpose, the global mass-balance data of mountain glaciers and ice caps were assembled. An effort was made to secure separate winter and summer balance observations. This approach is necessary because the objective of the present paper is to identify the cause of the mass-balance changes. To investigate causes of massbalance change requires analysis of both winter and summer mass balances, each reflecting very different processes. The winter mass balance is to a great extent due to the winter solid precipitation. Summer mass balance is mostly a matter of melting for which air temperature is the most influential factor. The main focus is on the second half of the 20th century, especially the period 1960-2000, when more observations are available. This relatively short period is important as it includes the initial cooling period when more than half of the Alpine glaciers were advancing, and the subsequent rapid warming period with more than 90% of glaciers retreating. The present work combined with Meier (1984) will cover the entire 20th century. Further, causes of the mass-balance variation for the 20th century are elucidated, based on longer mass-balance series, highaltitude meteorological observations and long-term records of radiation.
DATABASE FOR WINTER, SUMMER AND ANNUAL MASS BALANCE
In order to analyze current mass-balance variation, a new database of annual and seasonal (winter and summer) mass balances was made. This rather laborious approach had to be taken because the existing global datasets of mass balance are biased for annual balances, and the collections with winter and summer mass balances were insufficient. It was necessary to make the analysis based solely on measured seasonal mass balances, without involving meteorological estimations of mass balance. When considering the causes of the mass-balance change, it is meaningless just to analyze the annual mass balance or to use the estimations that are usually based on meteorological data. Meteorological data should be used only after observational mass balances are established. The sources of the winter and summer mass-balance data are Kasser (1967 , 1973 ), Mü ller (1970 , Haeberli (1985) , Haeberli and Mü ller (1988) , Haeberli and Hoelzle (1993) , Haeberli and others (1998) , Kjøllmoen (1998 Kjøllmoen ( , 2003 , Kjøllmoen and others (1999) , Dyurgerov and others (2002) (personal communication, 2005 ). An analysis of the annual mass balance is presented first, followed by a presentation of the seasonal mass balances and the interpretation.
ANNUAL MASS BALANCE
There are about 40 glaciers on which annual mass-balance observations are currently carried out with at least 30 years of continuous records. When historical data are considered, there are more than 150 glaciers where annual mass balance has been measured for shorter periods. The author selected 75 glaciers from the current and recent observations that are considered to provide mean mass-balance conditions and trends for the second half of the 20th century.
The world is divided into 14 geographical regions: the Andes (5 glaciers), the Rocky/Coastal/Cascade/Olympic Mountains (8), Canadian Arctic (5), Alaska (2), Kamchatka (1), Altai (4), Himalaya (3), Tien Shan/Dzhungariya (13), Pamir (1), Caucasus (6), Svalbard (3), Scandinavia (9), Alps (14) and Equatorial/Tropics (1). The regional mass balances were obtained by arithmetically averaging the annual mass balances of the selected glaciers. The glacier annual mass balances of the 14 regions are presented in Figure 1 . Several glaciers have mass-balance records starting before 1952/53. Although these are important data for local conditions, they were not used in the present section, as their global representativeness is unknown. These longer records will be used later for understanding the relationship between the mass-balance change and the climate. Further, the area-weighted mean was calculated to estimate the global mean. The total area considered is 350 Â 10 3 km 2 , or 68% of the total surface area of the glaciers in this category.
The most important result is that all regions shared certain long-term changes, despite large distances and significantly different climatic conditions separating them (Ohmura, 2004) . The spatial variation of annual mass balances in the Alps was found to have a radius of 200-300 km with a significant autocorrelation (Chen, 1991) . The area of similar mass balance becomes larger over a longer timescale. This aspect will be treated elsewhere. The mean glacier mass balance was negative in all regions except Scandinavia for the second half of the 20th century. It appears the negative mass-balance trend started globally in the early 1960s. The global area-weighted mean mass balance for the 50 year 3 km 2 , representing 68% of the total area covered by glaciers outside Greenland and the Antarctic. In addition to the 14 regions, the area-weighted mean, plotted in a thick black line, indicates that the global mass balance was almost always negative. The mass balance came closest to zero during the period from the late 1960s to the early 1970s. During the last 30 years of the 20th century the negative mass balance has been growing at a mean rate of -10 mm a -2 , reaching -18 mm a -2 at the end of the century.
period 1951/52 to 1999/2000 is -279 mm a -1 . The mean mass balance for 35 years of higher-quality observations (1965/66-1999/2000) excluding the Andes, the Himalaya and the Equatorial/Tropics is -275 mm a -1 . The mean mass balance over the past half-century is most likely between -270 and -280 mm a -1 . During the same period, the global area-weighted mean equilibrium-line altitude (ELA) rose at a rate of 4 m a -1 . Considering that the total area of mountain glaciers and ice caps is 512 Â 10 3 km 2 , a rough estimate of the total discharge from glaciers in this category for the corresponding period is 140 km 3 a -1 , or 0.4 mm a -1 in sea-level equivalent. The present evaluation together with that of Meier (1984) gives a total sea-level rise caused by glaciers outside Greenland and Antarctica during the 20th century of 43 mm. The present analysis further shows that the global glacier mass balance is not only negative but its trend is increasing. The linear trends for the two means (arithmetic and area-weighted means) give very similar gradients, about -10 mm a -2 . This increase is due to a great extent to large losses in the 1990s. The last decade of the 20th century saw a global mean mass balance of -422 mm a -1 , corresponding to a sea-level equivalent of 0.6 mm a -1 . This is almost equal to the sum of the preceding two decades. Regionally, the largest loss was observed from the Equatorial region, represented by a single glacier, Lewis Glacier, with a mass balance of -903 mm a -1 . A small gain was found on Scandinavian glaciers, where the mean balance was 90 mm a -1 . The regional mean showed an increase of 1 mm a -2 . Since this is the only region with such unusual features, it is discussed later in greater detail.
WINTER, SUMMER AND ANNUAL MASS BALANCE
There are presently only about 30 glaciers where seasonal mass balance is observed. There are four more glaciers where observations have been terminated only recently. The results of the seasonal mass balances for the 34 glaciers in the 11 regions are summarized in Table 1 . The 11 regions cover a wide range of climate, from the extremely maritime climate of Kamchatka to a very dry region in the Canadian Arctic. The mass loss ranges from -441 mm a -1 in the North American mountain ranges to a slight positive balance of 93 mm a -1 in Scandinavia. Comparison of the annual balance of these 34 glaciers against the 75 glaciers with only annual balance data indicates that this small number of glaciers simulate the mass-balance conditions of all glaciers treated in the previous section well. In all regions except for Scandinavia and Svalbard the summer melt was intensified during the period. The area-weighted global mass balance for the 30 year period is presented in Figure 2 . On the global average, the glaciers exhibited annual accumulation and ablation of about 1 m w.e., with a slightly negative mass balance for the second half of the 20th century. Further, the negative annual mass balance was becoming more negative, due to the increasing ablation in summer, while the winter accumulation has slightly increased. The rate at which ablation increased during the last 35 years of the 20th century was -13 mm a -2 and this was the major component in the annual mass balance becoming more negative at a rate of -10 mm a -2 . Since the global mean temperature equivalent of melt is about 2 Â 10 -3 K mm -1 a (Ohmura and others, 1996; Braithwaite and others, 2002; Kuhn, 2004) , the present melt acceleration implies a temperature increase of 0.7 K over the past 35 years. This value compares very well with the global temperature increase of 0.6 K for JuneAugust for the period 1970-97 by Jones and others (1999) . These values represent the mean condition for the 35 year period. A detailed look at the time series shows a variable development even in this rather short period. During the 1960s and 1970s, the global mass balance was steady at about -200 mm a -1 . During the early 1980s it came even nearer to equilibrium until it was followed by a period of sudden and large mass loss in the late 1980s, which continues to the present. These decadal fluctuations require a much longer time series for the full analysis and will be discussed later.
GLACIERS IN SCANDINAVIA
While most regional mass-balance trends fit the global conditions presented above, the glaciers in Scandinavia often appear to be an exception. This point deserves more detailed analysis. First of all, these glaciers are used as an argument for discounting the impact of ongoing global warming. Secondly, the quality and length of the massbalance observations in Norway and Sweden are extremely good, so that more detailed examinations are possible. In Figure 3 the mean annual and seasonal mass balances for eight Scandinavian glaciers are presented. Four out of eight glaciers indicate positive mass balance for the last 40 years of the 20th century. They are located near the Atlantic coast and are characterized by high winter accumulation. These glaciers registered a significant increase in accumulation during the last 40 years of the 20th century. Most of these glaciers were at equilibrium during the 1960s and moved into a slightly positive mass-balance regime starting in the early 1970s. The mean accelerating rate of the annual mass balance for the last 40 years of the 20th century was 10 mm a ). Although ablation also increased at 5 mm a -2 , the accumulation increase was much faster. Examining individual glaciers, it was found that about half of the glaciers exhibited a decreasing trend of melt over this period. The linear trend, however, depends on the period chosen. The last two decades of the 20th century showed a different course. For the period 1981-2000, an increasing trend of ablation was observed on all glaciers, except Nigardsbreen which showed no significant increase of melt. The ablation trend on Nigardsbreen, however, changed into a rapid increase in the last 10 years of the 20th century. The average melt increase for the eight Scandinavian glaciers for the last 20 years of the 20th century was 15 mm a -2 , which is very close to the global trend. In the mid-1990s, the mean mass balance of these Scandinavian glaciers started to become negative. Therefore, it was the rapid increase in accumulation that created the trend during the last 40 years of the 20th century, offsetting the influence of the warming. During the last 10 years of that period, however, Scandinavia joined the rest of the world in experiencing an increase in ablation and loss of mass. The increase in melt after 1997 is especially large. An increasing winter precipitation trend for Scandinavia under the enhanced greenhouse effect has been predicted by some recent global climate model (GCM) experiments (Roeckner and others, 1999) .
LONG-TERM VARIATION OF MASS BALANCE AND CLIMATE
The three longest mass-balance series in the world, those of Storglaciären, Storbreen and Glacier de Sarennes, are all located in Europe and cover more than half a century. They offer a rare opportunity to examine how mass balance is related to the climate, especially when the climate is in transition. Figure 4 shows the mean winter, summer and Figure 1 , the Equatorial/Tropical region, the Andes and the Himalaya have been dropped due to lack of observations. The figure shows mass loss becoming more negative at a rate of -10 mm a -2 , which is mostly caused by melt (-13 mm a -2 ), as the accumulation rate was slightly accelerated at 3 mm a annual mass balance of the three glaciers. The negative annual mass balance decreased in magnitude towards the 1970s and 1980s. The abrupt beginning of the large mass loss in the early 1990s is clearly depicted. More important, however, is the similar course taken by the winter and summer mass balances. In a phase of larger melt, such as the 1940s to early 1950s and recently after 1990, the accumulation also tended to be larger. This is glaciological evidence of the acceleration of the hydrological cycle in a warmer climate. The possibility of a slight increase in global precipitation in the course of the 20th century was reported earlier, based on the analysis of long-term precipitation gauge data (New and others, 2001 ).
Recently, the glaciology group of the Swiss Federal Institute of Technology (ETH), Zü rich, completed the homogenization of the mass-balance series of Claridenfirn in the Glarneralpen in Switzerland. This will be the longest glacier mass-balance time series in the world and consists of winter and summer mass balances for 90 years starting with the 1914/15 mass-balance year. A part of the summer mass balance of Claridenfirn is presented in Figure 4 , and displays similarity to the mean summer mass balance of the three other glaciers. The analysis of the full mass balance will be published elsewhere. The summer mass balance of Claridenfirn for the entire observation period is presented in Figure 5 , together with the summer temperature (JuneAugust) at Säntis, a nearby high-altitude meteorological station. This diagram shows the relationship between the melt and temperature changes during the last 90 years. There is a change in the temperature/melt relationship between the two warm phases. During the earlier warm phase from the 1920s to the early 1950s, the mean melt rate was larger than during the present warm phase beginning in 1990 when compared at the same temperature. Figure 6 shows a shift in the temperature/melt relationship indicating the existence of an additional energy source for the melt during the earlier warm phase. Since this energy source is independent of temperature, it must be sought outside the sensible heat flux and longwave radiation. This leaves only solar radiation as a possible cause. The global radiation (direct solar plus diffuse-sky radiation) was considered as a necessary factor for fine tuning in the melt/temperature index method (Ohmura and others, 1992) . In Figure 7 the change in global radiation during the last 60 years is presented. The figure was prepared after an intensive quality control of the four longest observation series of global radiation in western Europe stored at the World Radiation Monitoring Centre in the author's institute. Global radiation was larger during the period from the 1940s to the early 1950s by about 15 W m -2 . The global radiation decreased throughout the 1960s and 1970s. Although the global radiation started increasing in the late 1980s, it still remains well below the pre-1960 level. This phenomenon has recently been termed global dimming but has been known since the 1980s (Ohmura and Lang, 1989) . The long-term fluctuation in the summer mass balance of Claridenfirn clearly demonstrates the effect of global dimming in the differential temperature/melt relationship represented in Figure 6 . The relationship shows how the solar radiation sets in as a melt factor. At lower temperatures the solar radiation has little effect on the rate of melt. As the temperature rises, the solar radiation acts increasingly as an effective melting factor. This explains how the earlier warm phase (mid-1920s to about 1950) produced more meltwater (on average, 1632 mm a -1 ) at a lower temperature (4.58C) than the present warmer phase (late 1980s to present) (1562 mm a -1 ) at considerably higher temperature (5.28C). The difference in melt between these two warm phases is estimated at 350 mm when the temperature difference is adjusted. This difference spread over 3 months is about 13 W m -2 , which closely corresponds to the difference in solar radiation due to global dimming. Wild and others (2005) showed that the long-term variation in global radiation is influenced primarily by aerosol and secondarily by cloud changes which are to a great extent also induced by aerosol. The present result shows quantitatively how the aerosol variation influences the melt.
CONCLUSION
The most significant aspect of the glacier mass balance during the last 40 years of the observational period was the sustained negative mass balance (-275 mm a -1 ). Further, the negative mass balance was accelerating (-10 mm a -2 ), mostly affected by rapidly increasing melt (-13 mm a -2 ). During this period the accumulation increased only slightly (+3 mm a -2 ), which was more than counterbalanced by the rapid increase in melt. This trend was intensified strongly during the last decade of the 20th century. Table 2 summarizes the area-weighted global mass balance for the last four decades of the 20th century. The global average annual mass balance for the last 40 years is -275 mm a -1 , which resembles the mass balance of the 1980s. During the last decade of the 20th century, almost twice this amount (-422 mm a -1 ) was lost, with a mean accelerating rate of -17 mm a -2 . The contribution by mountain glaciers and ice caps for the sea-level rise is estimated at 43 mm during the entire 20th century.
The mechanism of the long-term change in the melt was investigated with the four longest mass-balance observation series, air temperature at a high-altitude station in the Alps and the four longest observation series of global radiation. The mass balance of the 20th century is characterized by two periods with larger melt centred around 1930-50, and the ongoing warming starting in the late 1980s. The earlier warm period produced more meltwater than the latter warm period, when observed under the same temperature. The difference of 350 mm melt in one summer between the two warm phases is considered to be due to the more transparent atmosphere in earlier times. The present analysis shows the influence of atmospheric aerosol on transmittance of the atmosphere and on cloud amount, and further on the global radiation at the Earth's surface. The present work proposes quantitatively the effect of the global dimming on the glacier mass balance. 
